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Abstract. The Semantic Web provides standards for knowledge graphs
(KGs), which have become popular for solving data heterogeneity prob-
lems in enterprises, since they allow for flexible data modelling and in-
tegration via linking of graphs. This flexibility requires technologies to
ensure data quality and consistent state, such as the Shapes Constraint
Language SHACL. However, SHACL does not provide the means to ex-
plain why constraint violations are caused and how the KG can be re-
paired to conform to the constraints. Also, repairs for a KG can come
with a high number of different alternative choices to pick from, where
we need a way to determine preferences in practice. Finally, knowledge
in the KG itself can be statistically exploited for repairs to determine
fresh values and preferred choices and to identify incorrect data from a
real-world perspective. For these challenges, we aim to develop a system
that combines logic-based repairs and data-driven analysis for a repair
approach that concludes KGs towards a quality fix point. The approach
will not only be defined at the formal level, but we also will provide a pro-
totypical implementation for practical experiments, thereby positioning
it at the intersection of theoretical and applied research. Use cases shall
be provided from companies, projects and open data to better under-
stand how repairs can be applied effectively in practice. With this work
we contribute to improving the quality of KGs by providing intelligent
knowledge graph repair.
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1 DMotivation

Knowledge graphs (KGs) [12] are often used in enterprises for consolidation of
heterogeneous data sources. The flexible approach of modelling graphs using
the Resource Description Framework (RDF) makes it possible to link together
various data sources and thereby integrate them into an enterprise knowledge
graph (EKG) [11]. However, problems like inconsistencies and incomplete data
can be introduced. These problems generally represent quality issues that need
appropriate mechanisms to detect and manage them in practice.
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The Semantic Web traditionally uses open world reasoning based on the stan-
dards RDFS and OWL [3], which has very limited use regarding the detection
of inconsistencies and cannot express how data can be changed to solve quality
issues. The later introduced Shapes Constraint Language SHACL [13] can detect
data inconsistencies based on constraints and returns a report about violations.
However, these reports do not explain why a violation has happened and they do
not provide sufficient information how to correct the data. As quality of graph
data is of high importance in practice, having a system which can determine
how to change graph data in such a way that is is repaired regarding defined
constraints would be of high value.

In the following, we will present the state of the art for graph standards, on-
tology and database repairs and data-driven analysis. Then we continue with
formulating research questions and contributions the thesis will provide. In the
research methodology and approach section, we show how we plan to incremen-
tally address the questions, followed by the evaluation plan. We then provide
a report on the intermediary results up to now. Finally, we present conclusions
and next steps.

2 State of the Art

The state of the art related to this thesis covers knowledge graph technologies,
which are the foundation of our work. We also look into approaches to repair
data for Ontologies and relational databases and the complexity of the repair
problem. Finally, we need to understand the broad field of data-driven analysis
methods, which can be used to determine repair choices.

2.1 Knowledge Graphs and the Semantic Web

The Semantic Web [3] is a set of technologies for knowledge representation for
the world wide web. The basic structure of the Semantic Web is a knowledge
graph, where nodes and edges are represented as resources on the web, thereby
creating a world wide knowledge base. The Semantic Web includes languages
to describe the semantics of (graph) data, RDF Schema RDFS and the Web
Ontology Language OWL [3]. These languages allow for reasoning about the
data in the form of logical conclusions. Because links to graphs can be created
by anyone on the web, there was the need to design these logical conclusions with
an open world assumption, applying monotonic reasoning and thereby avoiding
problems with contradicting data. However, this means that constraints that be
represented by these languages are limited to detecting inconsistencies in the
Ontology regarding the graph data.

Enterprise Knowledge Graphs Originally created for open data publishing, the
Semantic Web technologies were discovered to be sufficiently flexible and expres-
sive to be used in enterprise contexts to solve data integration problems under
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the term Enterprise Knowledge Graphs (EKG) [11]. On the organisational side,
EKGs differ from public knowledge graphs usually by being limited to the enter-
prise’s data sources and the need of high quality to avoid false information which
might become problematic from a business point of view. However, using flex-
ible graph data models to manage complex semantic information in enterprise
environments creates the challenge of quality control. Therefore, data quality of
graph datasets needs to be defined in a principled manner in order to be able to
detect conflicts and possibly repair them [6].

Graph Constraint Languages There are currently two constraint languages for
knowledge graphs. The shapes constraint language SHACL [13] is currently the
only W3C recommendation regarding constraint validation for the Semantic
Web. The shape expressions language ShEx [14] is developed in a W3C com-
munity group and publicly available. SHACL and ShEx are both based around
the idea of shapes that group together constraints to be evaluated on nodes in
the knowledge graph. They differ in syntax, in some details regarding constraint
validation and reporting, and they define different semantics for recursion. Se-
mantics for shape validation are discussed in general in the scientific community
regarding what makes sense in the scenario of data quality. There are different
proposals regarding what the validation results should represent to be useful for
data quality checks. Generally, the provided information should assist in fixing
the data to achieve conformance with the constraints and thereby improve the
quality of the graph data.

2.2 Repair Approaches

Ontology Repairs Related to our work are also reasoning tasks for explanations
and repairs for Ontologies, often in the context of Description Logics, of which
examples can be found in [7] and [8]. A recent work on Description Logic On-
tologies is [4], which addresses optimal repairs in the scenario where the schema
(TBox) is assumed to be correct, while the data (ABox) needs to be repaired.
Optimal repairs in this context are repairs which preserve as much as possible
from the logical consequences of the Ontology.

Relational Database Repairs Inconsistent data, as a consequence of violating in-
tegrity constraints, are well researched for relational databases. Two strategies
for coping with inconsistent relational data are presented in [5]. First, consis-
tent query answering (CQA) does not resolve the inconsistencies, but provides
answers to queries based on a consistent subset of the data. Second, data clean-
ing repairs the inconsistencies while trying to preserve as much information as
possible by doing minimal changes. This strategy can result in different choices
how to change the data. One way of specifying and implementing repairs is
to represent them as logic programs, e.g. using disjunctive Datalog with stable
model semantics, which is described in [5]. These programs modify a database
to achieve conformance with a set of integrity constraints.
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2.3 Complexity and Scalability

When extending constraint validation with repairs, we have to consider the com-
putational complexity of the repair problem, which means the amount of com-
putational resources (time or space) needed to solve it. For investigating the
complexity of repairs, we look at complexity classes of the polynomial hierarchy
[16]. A starting point is to look at the validation problem, which is querying if a
data graph satisfies given constraints. The complexity to answer such a question
depending on the size of the data graph and shapes graph is called combined
complexity. The validation problem has already been shown to have an NP (solv-
able in polynomial time by a nondeterministic Turing machine) upper bound for
combined complexity [10]. For the repair problem, we do not expect the com-
bined complexity to be less, as validation can be reduced to it. This has to be
considered when providing a solution that should be viable in practical scenarios.

2.4 Data-driven Analysis

Constraint languages are a formal way to detect inconsistencies in data sets. Im-
plementing repairs will provide us with necessary changes to the data. However,
coming up with fresh values that did not exist in the data before or picking from
different choices for repairs cannot always be covered by formal constraints. A
source of such knowledge is the data graph itself, which can be analysed to decide
for fresh values, pick repair choices and to identify false data from a real-world
perspective beyond the formal constraints. By combining such statistical analy-
ses with crisp semantic descriptions from the data set, we can provide practically
viable repair options.

This field of concluding new knowledge from sample data is very broad and
there are many different approaches to do so, with the most prominent being
machine learning methods, like Graph Neural Networks [15]. The field of Knowl-
edge Graph Completion [9] focuses on predicting graph structures and values
based on statistical analyses of existing graph data. It contains many different
approaches, which range from probabilistic formal methods to modern machine
learning techniques, like deep learning and large language models.

3 Problem Statement and Contributions

In the course of the thesis, we plan to address the following research questions
and develop solutions for knowledge graph repair. This will be done theoretically
on a formal level and also practically in the sense of applied research. On the
theoretical side we provide novel formalisms to analyse graphs regarding repairs
based on constraints. On the practical side, we provide prototypes that imple-
ment these formalisms. We then apply these prototypes to practical scenarios to
gain further insights into how our approach can be used for repairs which are
practically viable. With this work we aim to contribute to the advance of the
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academic discourse on knowledge graph quality.

We identify 3 main research questions regarding knowledge graph repairs. We
also define associated sub research questions which contribute in answering the
main research questions.

3.1 Explaining and repairing Constraint Violations

The first main research question is about how to define and implement repairs
for graph data based on constraints. This is an open question in the research
community that was not yet addressed. To limit the scope, our work focuses on
SHACL as a constraint language.

The current constraint languages for knowledge graphs are designed to iden-
tify quality problems by specifying constraints grouped into shapes and then
checking if the graph data satisfies them. The process of validation returns re-
ports for constraint violations. However, reports do not provide an explanation
for why a constraint is violated and how this can be solved. Providing an auto-
matic solution for such violations is not trivial. Local solutions might interact
with circular dependencies and thereby lead to an undecidable situation. There-
fore explanations are non-deterministic in nature and have to be determined
globally for a data graph. Currently it is open to how to compute such repairs
for knowledge graphs.

To develop a solution, we first need a formal definition of repairs as explana-
tions for non-validation of SHACL constraints. These explanations tell us how
to change the data graph to achieve conformance with the constraints. We also
need to discuss which kinds of explanations we would like to have from a practi-
cal point of view. For example, we can argue for minimality of changes, because
we want to preserve as much of the original data graph as possible. Formalising
these explanations is a preliminary step for providing an approach for computing
and implementing repairs.

Second, we need an implementation using an appropriate technology and verify
the correctness of the implementation. There are currently no standard methods
to compute repairs for knowledge graph data. However, there are approaches
for relational databases. We will investigate how to transfer these repair calcula-
tions to the knowledge graph data model and how to combine them with SHACL.

RQ-1: How can we compute repairs that correct graph data to conform to SHACL
constraints and how can this be implemented?

— RQ-1-a: What is our understanding of a SHACL repair in the sense of
explaining non-validation for SHACL constraints in the context of database
repairs and practical applicability.

— RQ-1-b: How can we implement SHACL repairs by using an ezisting tech-
nology which is appropriate for the repair problem.
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— RQ-1-c: How well does the repair approach scale? What are the limitations?
What does it mean for practical purposes?

3.2 Repair Strategies

The second main research question continues from the first main research ques-
tion and asks about ways to represent user preferences for the repairs on top of
what SHACL repairs can express.

The motivation for this question comes from two open issues which are not
addressed by the first question.

— First, users might decide for certain elements of the data graph that they
should not be added or deleted by the repairs, which basically means that
they are read-only. In a less restrictive situation the user might still allow
these elements to be added or deleted, but it would not be a preferred situ-
ation to pick them if there are alternative choices to repair the data graph.

— Second, it can be the situation that there is a high number of possible and
equally optimal repair choices, which makes it difficult for users to decide for
one choice. For this situation, we let the user specify preferences for repairs,
so that the repair implementation can reduce the number of optimal repairs
automatically and thereby make it easier for the user to decide.

RQ-2: Based on our definition of a SHACL repair, we provide formalized repair
strategies to users so that they can define optimal repair choices from a real world
perspective as preferences for specific repair choices.

3.3 Data-driven repairs choices

The third main research question again picks up from the previous main research
questions and brings in data-driven methods to SHACL repairs for determining
repair preferences. The idea is to create a hybrid system of formal and data-
driven approaches.

This question is motivated at first by the question how to come up with fresh
values if a SHACL repair needs the addition of data. Such values usually cannot
be determined by looking at the constraints and need to come from a differ-
ent source. Generally, users can provide values manually when needed. However,
proposing values automatically is desirable for better usability and to be less
dependent on user knowledge. An approach to determine values is to take into
account information from the (existing) data graph that can provide insights
into how to choose values.

Also, we can use such an approach to determine which choices to preferably
pick for repairs. Finally, we can check existing values and determine outliers
which might be incorrect data. This use of statistical inference is applied to im-
prove the quality of the data graph beyond the SHACL constraints.
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To summarize the scenarios, we use data-driven methods for

— inferring fresh values in the case of additions to the data graph
— determining preferred choices in the case of multiple repair choices
— detecting outliers in the data graph to improve the quality

RQ-3: How can we formally integrate statistical inference into the repair strate-
gies to conclude missing values, detect outliers and pick from multiple choices?

— RQ-3a: How far does statistical inference improve the quality of a knowledge
graph from a practical point of view?

We note that research as part of this thesis will not be about new statistical
inference methods, but rather how to integrate them with formal repairs. Statis-
tical inference is a broad and well-researched field and we aim to make it better
accessible and usable in practice for knowledge graph repairs.

Finally, we would like to point out other interesting research questions, which
were identified, but will not be addressed in this work because of scope reasons.

— Are there alternative notions of explanations and repairs?

— How do repairs interact with ontological reasoning with RDFS and OWL?

— How can we address recursive dependencies of shape targets and repairs?

— Given the high complexity of the repair problem, how can we improve the
scalability in practice?

These questions are future work outside of the scope limits of this thesis.

4 Research Methodology and Approach

The research methodology for this thesis addresses the combination of theoretical
and applied research. We develop our work incrementally by starting with the
formal basis on the theoretical part and then going towards implementation and
experiments to apply our apprach to practical use cases.

4.1 Methodology

The initial question of this thesis is how we can identify and repair quality
problems in enterprise knowledge graphs. We start with a gap analysis regarding
this question and identify open issues that we have to address. We determine
the main research questions based on a high level understanding of this problem.
The research questions are stated to clearly define and narrow down the scope in
this broad field of knowledge graph quality. The main research questions of this
thesis are addressed incrementally, with each answer to a question providing the
context for the next question. At the beginning we address RQ-1 and provide a
formal basis and a prototypical implementation. RQ-2 and R@-3 have a focus
on applied research in the context of specific use cases, where we can verify the
applicability of our approach and incorporate the insights into our work.
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— For RQ-1, we investigate how to calculate repairs for SHACL constraint
violations, while considering practical aspects, like minimal changes done
by repairs to preserve as much as possible of the existing data. We also
discuss the computational complexity of repairs and choose an appropriate
technology for implementation.

— For RQ-2, we consider the scenario where users want to provide preferences
for different repair choices. RQ-2 is answered in the context of use cases,
where we specifically answer the question of what a user would accept as a
high quality repair in such a scenario.

— For RQ-3, we look into data-driven methods for statistically inferring values
in knowledge graphs as an extension of the outcomes of RQ-2. Answering
RQ@-8 will allow us to integrate formal repairs with data-driven analysis
methods and we will provide a prototypical implementation.

This concludes our work, which provides a system for knowledge graph repair
built on a strong formal basis and developed in practical scenarios. To the best
of our knowledge, our approach is novel in the way how we address data quality
for knowledge graphs and our implementation is an innovation where no similar
solutions currently exist.

5 Evaluation

The approach developed in this work is intended to be applied in practice. There-
fore we will select several real-world use cases and evaluate how well our approach
can be used to solve them. An important question is to understand what these
use cases accept as a valid repair in practice in the sense that it should improve
the quality of the data graph from a real-world perspective. We then evaluate
if such repairs can be formally represented by our approach and if they can be
implemented with an acceptable performance by using the developed prototype.
Currently, we are looking into two use cases, where we explore what it means to
repair the data in such a way that it satisfies the use case requirements. These
use cases are:

— Automatic processing of contract data, which needs data consistency to sat-
isfy legal requirements originating in the GDPR [17].

— Modifying an existing OWL ontology [3] to satisfy a given use case specific
fragment, while preserving as much as possible of the original ontology in a
syntactic and semantic sense.

6 Results

The research questions are intended to incrementally build up a knowledge graph
repair system. We will publish intermediary results and provide implementations
for proof of concept and practical experiments that complement the theoretical
work and build up a unified analysis and repair system. Currently, we have
published two intermediary results as conference papers.
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— In Reasoning about Explanations for Non-validation in SHACL [1] we explain
non-validation using the notion of a repair as a collection of additions and
deletions whose application on a data graph results in a repaired graph
that satisfies a set of SHACL constraints. This publications answers research
question RQ-1-a and provides the foundation for the next steps, which build
on the outcomes.

— In Repairing SHACL Constraint Violations using Answer Set Programming
[2] we propose an algorithm to compute repairs by encoding the repair prob-
lem into an answer set program. We introduce several optimisations to the
program that aims to maximise the benefit for practical scenarios. This pub-
lications answers research question RQ-1-b, builds on the previous outcomes
and is the first step towards practical experiments.

With these two contributions we already gained insights into the topic of this
thesis and shared them with the research community.

7 Conclusions and next Steps

Our work contributed to research by providing a formal foundation and pro-
totypical implementation to compute repairs for knowledge graphs based on
SHACL constraints. The next steps will cover user preferences and integration
of data-driven methods.

— For user preferences, we intend to publish the results with one publication
for each use case, where we share insights what kind of repairs users would
accept as high quality repairs. Together with the publication, we will also
publish the prototypical implementation for definable preferences.

— For integrating data-driven methods, we still need to identify an appropriate
use case, which provides a data set where we can identify repair choices
based on statistical analysis. Based on this scenario, we will research ways of
integration into the repair system for a hybrid approach. Again, we intend
to do a publication and a prototype.

With our work, we contribute to improving the quality of large data graphs,
especially in an enterprise knowledge graph scenario, by providing intelligent
knowledge graph repair.
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